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Abstract: Electric vehicles have been the focus of the automotive industry in recent years. However, relatively small driving
range of electric vehicles makes it not be broadly adopted in the market. Regenerative braking is one of the most effective
ways to extend the endurance of electric vehicles. To sufficiently utilize the regenerative braking of electric vehicles and
explore the potential of electric motor plugging braking capability to simplify the braking system structure and reduce the
cost, a new braking strategy based on the driver's braking intention and motor working characteristics is proposed. Driver's
braking intention is classified as the emergency braking and the normal braking. In case of normal braking, model predictive
control (MPC) is used to express driver's braking intention. By adjusting the weight of MPC cost function, different braking
intentions can be achieved. This strategy is able to achieve as much as possible braking energy recovery without violating
the driver's braking intention. In case of the emergency braking, the sliding mode based optimal slip ratio control is
adopted and it is able to obtain the shortest braking distance. In order to validate the effectiveness of the proposed
approach, numerical simulations on a quarter-vehicle braking model are tested.
1. Introduction
Active Brake System such as Anti-lock braking system
(ABS), Electronic brake force distribution (EBD) and
Electronic stability programme (ESP) has become a standard
configuration of many vehicle. ABS is able to prevent the
locking of wheels. Thus avoiding uncontrolled skidding.
EBD is able to automatically regulate the distribution of
brake force to each wheel according to motion state of each
wheel [1]. EBD is a derived auxiliary function from ABS [2].
ESP is a computerized technology that improves a vehicle's
stability by detecting and reducing loss of traction. ESP
interposes only when it detects a possible loss of steering
control [1]. All these studies focus on vehicle stability at the
emergency braking situation. When vehicle braking on the
longitudinal direction in the case of normal braking, the
kinetic braking energy recovery of the vehicle should be
considered.
With the rising concern on global environmental and
energy issue, electric vehicles have been the focus of the
automotive industry in recent years because electric vehicles
have the advantages of high efficiency and zero emission.
However, limited by the battery technology, battery electric
vehicles are still not competitive enough compared with
conventional vehicles in the aspects of driving range and
cost [3]. Research shows that about one third to one half of
the driving energy will be dissipated during braking in urban
driving [4]. And electric vehicles have a great advantage in
terms of energy saving at driving cycles with low average
speeds and frequent stops [5]
In order to extend the driving range of electric vehicles,
regenerative braking is widely used in electric vehicles. In
the regenerative braking mode, kinetic energy can be
recovered into electric energy instead of being wasted as
heat. Thus, it employs the motor back electromotive force

(EMF) in the braking process and achieves dual goals of the
electric braking and the energy regeneration simultaneously
[6]. In order to improve energy recovery, many researches
have been proposed [7]-[10]. In [11], three blended braking
strategies, ‘Eco’, ‘Sport’ and ‘Safety (Motor Priority)’, are
proposed to achieve a balance between braking performance,
driving comfort and energy recovery rate. In [12]-[16], the
transmission ratio adjusting is as a research object to
improve the energy recovery. Downshift during regenerative
braking helps to improve the energy efficiency of electric
vehicles. An off-line calculation and on-line look-up table
method is adopted to obtain the optimal downshift point to
get the best energy efficiency of electric vehicles during the
regenerative braking. It cooperatives control of regenerative
braking and hydraulic braking to ensure brake safety during
downshift process [17]. In [18], an HEV equipped with an
automated manual transmission (AMT) is chosen as the
study platform. Two downshifting strategies based on rules
and DP algorithm are proposed for improving energy
conservation during regenerative braking process. However,
few studies have been done to improve energy recovery by
studying the characteristics of electrical machines.
Permanent magnet synchronous motor (PMSM) is widely
used in electric vehicles with the advantages of high power
density and high efficiency [19]. PMSM has two main
modes of operation: motoring and braking. Motoring always
requires electric power flow into the PMSM. On the other
hand, braking can occur in two distinct ways: if electric
power flows out of the PMSM when braking, then this mode
of operation is referred to as regenerative braking; In this
case, the motor is a generator. It can convert kinetic energy
into electrical energy. If electric power flows into the
PMSM when braking, then this mode of operation is
referred to as plugging braking. PMSM is driven by threephase voltage source inverter (VSI). Normally, the three-
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phase VSI is controlled by field oriented control (FOC) or
six-step commutation [20]. Compared to six-step
commutation, FOC has higher efficiency and smaller current
ripple [21]. The PMSM can also be used to achieve
regenerative braking. When the back EMF is lower than the
battery voltage in regenerative braking, the boost converter
circuit is necessary to guide the current back to the battery
[22][23]. However, the maximum regenerative braking
torque of PMSM is limited by many factors. For example, it
depends on the maximum braking torque provided by the
motor, inverter capacity, and motor speed etc.
In order to achieve the braking energy recovery without
affecting the braking performance, various blended braking
systems have been proposed. The most often used blended
braking system is to combine the regenerative braking with
a friction braking system, where the friction braking system
is used to provide large braking torque. In [24], a
combination of electro-hydraulic brake (EHB) system and
regenerative brake system (RBS) is proposed. EHB is able
to provide large braking torque when RBS is not able to
provide enough braking torque at low speed. In [25], a
blended system of electro-mechanical brake (EMB) and
RBS is proposed. Compared to [26], it has more fast
response. For the blended braking system control,
cooperative control of RBS and other friction braking
systems can be classified as series and parallel types. In the
parallel strategy, the friction braking system is the same as
in conventional vehicles, and the regenerative torque is
added into the friction braking system proportionately. In
the series strategy, the friction braking torque can be
modulated, and the overall braking torque is controlled to
meet the driver demand [7]. However, this blended braking
system makes vehicle braking system complex and also
increases cost.
In fact, PMSM is able to work at plugging braking mode.
Plugging braking is to drive the motor in the reverse
direction. Thus when the back EMF is not enough to
generate the required braking torque in low speed, the
electric power can be drawn out of the battery to assist the
back EMF. It can be seen that either the electric power from
the batteries or the back EMF of the motor can generate a
braking torque to decelerate the motor [10] and the plugging
braking is an effective method to provide a fast stop. In [8],
plugging braking is used to make subway train stop in a fast
way. In [9], an elevator is fast stopped through plugging
braking. The drawback of plugging braking is that it
produces a lot of heat during the process of plugging
braking. However, the braking system works at plugging
braking mode only when the regenerative braking torque is
not able to satisfy the requirement of braking torque and it
will not last for long time, so it will not produce too much
heat. Another drawback of plugging braking is that it
consumes energy, which will shorten the electric vehicles
driving range. In order to extend the electric vehicles driving
range, the plugging braking mode should be avoided as
much as possible.
In case of emergency braking, the braking distance is the
most important indicator. At this condition, the energy
recovery and regenerative braking characteristics of motor
can be ignored. However, the braking characteristics of
motor should be considered for improving the energy
recovery and electric vehicles driving range in the normal
braking. The relationship between pedal displacement and

braking force is considered in braking condition. In [19], the
ANFIS has been used to identify driver’s braking intention
through 1200 sets of data. However, driver’s braking
intention is a subjective factor and is related to driver’s
driving habits. It is difficult to accurately quantify. When
taking a brake action, driver cannot take the detailed
characteristics of motor into consideration. For example,
driver cannot know when the PMSM will switch from
regenerative braking mode to plugging braking mode. Thus
an appropriate control strategy needs to be developed to
enable the needed braking action through the control of
electric motor only.
In this paper, driver's braking intention is classified as the
emergency braking and the normal braking. A braking
strategy integrated characteristic of motor and driver’s
braking intention is proposed for the normal braking
condition. MPC with constraints is first time introduced to
obtain the relationship between driver’s braking intention
and braking torque. It is able to avoid PMSM working at
plugging braking mode as much as possible without
violating the driver's braking intention. In the case of the
emergency braking, sliding mode based optimal slip ratio
control is designed to obtain the shortest braking distance.
The rest of the paper is organized as follows. In Section 2,
the vehicle braking system model is introduced. It includes
the vehicle braking dynamics model under different brake
conditions and characteristics of PMSM. In Section 3, the
whole control diagram is introduced. It includes the power
control system and the proposed braking strategy. The
simulation results are presented in Section 4. Finally,
conclusions are given in Section 5.
2. System model
2.1 Braking control of PMSM
Because PMSM has the characteristics of high power
density and high efficiency [4], PMSM is selected to drive
the vehicle wheel as an in-wheel motor. The control system
of PMSM is shown in the Fig.1.

Fig. 1. Sketch of the control circuit of PMSM
As shown in the Fig. 1, the control system includes PMSM,
bidirectional DC-DC converter, three-phase VSI, external
resistor and the corresponding controllers. The bidirectional
DC-DC converter is used to boost battery voltage to drive
PMSM and make battery voltage have more choices. It is
also able to achieve energy recovery to battery when motor
works at regenerative braking mode. The external resistor is
used to consume kinetic braking energy when the Battery's
SoC exceeds safe operating range such as Battery's SoC
exceeds 90% . The three-phase VSI is used to transfer DC
voltage to AC voltage and drive PMSM. The VSI consists of
three identical legs consisting of two switches and two
diodes each. Each leg of the VSI is operated with a pulse
width modulated switch duty ratio to produce a balanced
2

three-phase output which is given as the input to the electric
machine. Both of the switches in the same leg cannot be
turned ON at the same time, as it would short the input
voltage. Thus the nature of operation of the two switches in
the same leg is complementary. The DC-side of the power
inverter is connected to a DC power source with bus
capacitance.
In order to achieve more energy recovery, the dynamic
characteristics of motor should be analyzed. The dynamic
equation of the PMSM model in terms of phase variables
can be expressed as [3]:
𝑣𝑎
𝑅𝑠
[𝑣𝑏 ] = [ 0
𝑣𝑐
0

𝑑𝜓𝑎

0
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where 𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐 - are the instantaneous three-phase stator
voltages.
𝑅𝑠 - is the armature resistance.
𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐 - are the instantaneous three-phase stator currents.
𝜓𝑎 , 𝜓𝑏 , 𝜓𝑐 - are the instantaneous three-phase flux linkages.
𝐿𝑎𝑎 , 𝐿𝑏𝑏 , 𝐿𝑐𝑐 - self-inductance of stator windings.
𝐿𝑎𝑏 , 𝐿𝑎𝑐 , 𝐿𝑐𝑏 - mutual inductance.
𝜓𝑎𝑚 , 𝜓𝑏𝑚 , 𝜓𝑐𝑚 - are the instantaneous three-phase PM flux
linkages.
For the motor controller design, the PMSM model is usually
transferred to d − q reference frame through Park’s
transformation. The Park’s transformation 𝑻𝒂𝒃𝒄/𝒅𝒒 is:
𝑻𝒂𝒃𝒄/𝒅𝒒 =
cos(𝑃𝑛 𝜃)
2
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where 𝜃 is the rotor mechanical angular position. Through
the Park’s transformation, the steady-state physics of the
electric machine are indicated by the equivalent d-axis and
q-axis circuit diagrams shown in Fig. 2(a).
Electrical model of PMSM in the 𝑑 − 𝑞 reference frame can
be expressed as in Eqs (4)(5) [3]:
𝑣𝑑 = 𝑅𝑠 𝑖𝑑 − 𝑃𝑛 𝜔𝐿𝑞 𝑖𝑞
{
(4)
𝑣𝑞 = 𝑅𝑠 𝑖𝑞 + 𝑃𝑛 𝜔(𝐿𝑑 𝑖𝑑 + 𝜓𝑓 )
3

𝑇𝑒 = 𝑃𝑛 𝑖𝑞 (𝑖𝑑 (𝐿𝑑 − 𝐿𝑞 ) + 𝜓𝑓 )
(5)
2
where 𝑣𝑑 , 𝑣𝑞 are d and q-axis terminal voltages; 𝑖𝑑 , 𝑖𝑞 are d
and q-axis armature currents; 𝐿𝑑 , 𝐿𝑞 are d and q-axis
inductances; 𝑅𝑠 is armature resistance; 𝜔 is electrical
angular velocity; 𝜓𝑓 is permanent magnet flux linkage; 𝑃𝑛 is
number of pole pairs; 𝑇𝑒 is motor torque. For the non-salient
outer rotor PMSM, 𝐿𝑑 = 𝐿𝑞 , then Eq (5) can be written as:

Fig. 2. Vehicle wheel and motor model (a) Steady-state equivalent
circuit models in the d and q axes of PMSM, (b) Graphical
visualization of numerical solutions of various constrained
optimization problems, (c) Power and state of PMSM for
regenerative braking and plugging braking, (d)Wheel dynamic
model.

𝑇𝑒 = 𝑃𝑛 𝑖𝑞 𝜓𝑓
(6)
2
The control input to the system is a duty cycle vector with
coordinates 𝑢𝑑 and 𝑢𝑞 , and the effect of the power converter
on the electric machine is to impose a voltage vector with
coordinates satisfying
𝑣𝑑 = 𝑢𝑑 𝑣𝑠 , 𝑣𝑞 = 𝑢𝑞 𝑣𝑠
(7)

where 𝑣𝑠 is the bus voltage. Assuming that the power
inverter is lossless, it follows that source power 𝑣𝑠 𝑖𝑠 must
match electric machine power 𝑣𝑑 𝑖𝑑 + 𝑣𝑞 𝑖𝑞 , in which case
𝑖𝑠 = 𝑢𝑑 𝑖𝑑 + 𝑢𝑞 𝑖𝑞
(8)
These operational limits are characterized by the constant
parameters 𝑈𝑚𝑎𝑥 and 𝐼𝑚𝑎𝑥 .
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d

‖𝑢𝑑𝑞 ‖ = √𝑢𝑑2 + 𝑢𝑞2 ≤ 𝑈𝑚𝑎𝑥

(9)
3

‖𝑖𝑑𝑞 ‖ = √𝑖𝑑2 + 𝑖𝑞2 ≤ 𝐼𝑚𝑎𝑥

(10)

where 𝑈𝑚𝑎𝑥 and 𝐼𝑚𝑎𝑥 are fixed parameters. Table I lists the
parameter values for the electric machine system considered
in this section.
The torque-speed capability of the electric machine system
for forward rotation in its braking capability region and its
regenerative braking capability region are determined by
solving the following optimization problems.
N1) for feasible 𝜔 ≥ 0,
minimize 𝑇
subject to (4)-(10), 𝑇 ≤ 0
‖𝑢𝑑𝑞 ‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞 ‖ ≤ 𝐼𝑚𝑎𝑥
N2) for feasible 𝜔 ≥ 0,
minimize 𝑇
subject to (4)-(10), 𝑇 ≤ 0, 𝑖𝑠 ≤ 0
‖𝑢𝑑𝑞 ‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞 ‖ ≤ 𝐼𝑚𝑎𝑥
N3) for feasible 𝜔 ≥ 0,
minimize 𝑖𝑠
subject to (4)-(10), 𝑇 ≤ 0, 𝑖𝑠 ≤ 0
‖𝑢𝑑𝑞 ‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞 ‖ ≤ 𝐼𝑚𝑎𝑥
N1 defines the boundary of forward braking capability. N2
defines the boundary of forward regenerative braking
capability. N3 defines the regenerative braking torque that
corresponds to maximize battery-pack recharge current. As
shown in Fig.1, the source power is presented as 𝑣𝑠 𝑖𝑠 . 𝑣𝑠 is
the bus voltage and is positive number. 𝑖𝑠 is the bus current.
When 𝑖𝑠 is positive, it means that the electric power is
transferred from power system to PMSM. When 𝑖𝑠 is
negative, it means that the electric power is transferred from
PMSM to power system and the PMSM works at
regenerative braking mode. When the motor takes the
maximum braking torque, the 𝑖𝑠 could be positive (motor
works at plugging braking mode) or negative (motor works
at regenerative braking mode). In order to find the
maximum braking torque the motor can provide at the
corresponding speed, 𝑖𝑠 should not be limited. So the
information of the current direction is not given in N1.
When the current is negative, it means that motor works at
regenerative braking mode. It means that the electric power
is transferred from PMSM to power system. The smaller the
value of 𝑖𝑠 (𝑖𝑠 ≤ 0), the greater the absolute value of the
current |𝑖𝑠 |. When 𝑖𝑠 ≤ 0 (regenerative braking mode), |𝑖𝑠 |
is the recharge current. So the recharge current is maximized
when minimizing the current 𝑖𝑠 .
The numerically computed solutions to these optimization
problems are shown in Fig. 2(b). From this Fig. 2(b), it can
be seen that there are three separate regions. The plugging
braking is between the torque axis and the solution to N2.
The two motor braking states are shown in Fig. 2(c), where
the electric power is transferred from kinetic energy to the
electric energy stored in batteries during the process of
regenerative braking, and the electric power is transferred
from the batteries to kinetic energy during the process of
plugging braking.
2.2 Vehicle braking dynamics model
When the vehicle is at different braking conditions, the tireroad force is different. Normally, the braking operation can
be classified into two conditions: emergency braking
condition and normal braking condition. During the normal

braking, the friction between the tire and the road can be
retreated as rolling friction. During the emergency braking,
the tire-road coefficient of friction is mainly related with
wheel slip ratio and the main objective is to stop the vehicle
as quick as possible with the shortest stopping distance.
Thus it is necessary to take different vehicle dynamic
models under different braking conditions.
At the emergency braking condition, a quarter-vehicle
braking model [13], which is simple but eﬀ ective (see Fig.
2(d)), is used and only the longitudinal force is considered in
this paper. The vehicle braking dynamic model during the
emergency braking condition is shown in the Fig. 2(d):
In the case of emergency braking, the tire-road force is
much greater than air resistance. The air resistance can be
ignored at the emergency braking condition. The vehicle
wheel rotation speed is mainly affected by three factors:
braking torque, vehicle gravity, tire-road friction. The
dynamics of the vehicle and wheel models can be expressed
as:
J𝜔̇ 𝜔 = −𝑇𝑒 + 𝑅𝐹𝑥
(11)
m𝑣̇ = −𝐹𝑥
(12)
𝐹𝑥 = 𝜇(𝜆)𝑚𝑔
(13)
𝑇𝑡 = 𝑅𝐹𝑥
(14)
𝑣 = 𝑅𝜔𝑣
(15)
𝜔𝑣 −𝜔𝜔
𝜆=
(16)
𝜔𝑣

where R is the effective wheel radius, J is the moment of
inertia of the wheel, 𝑇𝑒 is the braking torque, 𝐹𝑥 is the
longitudinal tire force, 𝑚 is total mass of the quarter vehicle,
𝑣 is the longitudinal velocity of the vehicle, 𝜔𝜔 is the
angular velocity of the wheel,𝜔𝑣 is the angular velocity of
the vehicle. 𝜇(𝜆) is the longitudinal friction coefficient of
the tire, 𝜆 is the wheel slip ratio. 𝑇𝑡 is the torque provided by
ground friction. In this paper, the tire model used is based on
the tire friction model developed by Burckhardt and
Reimpell (1993). It is shown below [13]:
μ(λ) = 𝐶1 (1 − 𝑒 −𝑐2𝜆 ) − 𝐶3 𝜆
(17)
where 𝐶1 , 𝐶2 and 𝐶3 are constants for different road
conditions. 𝐶1 is the maximum value of the friction curve,
𝐶2 represents the shape of the friction curve and 𝐶3 is the
difference between the peak value of the friction curve and
the value when the slip ratio is 1. From this equation, it can
be seen that tire-road friction coefficient is a function of
wheel slip ratio.
In the case of normal braking, the tire-road friction can be
seen as rolling friction and the braking objective is to
decelerate the vehicle to a given speed. The vehicle speed is
mainly affected by three factors: braking torque, tire–road
rolling friction and aerodynamic drag. The dynamics of the
vehicle can be expressed as:
T 
1
m𝑣̇ = − b − Cr mg − 𝜌𝐴Cd 𝑣 2
(18)
R
2
where Cr is coefficient of rolling resistance. Cd is the
aerodynamic drag coefficient. 𝐴 is the frontal area. 𝜌 is the
air density. At the right side of this equation, the first term is
the motor braking torque acting on the vehicle, the second
term is tire–road rolling friction, the third term is the air
resistance. For controller design, equation (18) can be
written as follows:
𝑣̇ = 𝑏𝑢 + 𝑓
(19)
1
1
2
where 𝑏 = − , 𝑢 = 𝑇𝑏 , 𝑓 = −Cr g − 𝜌𝐴Cd 𝑣 . And 𝑓
𝑚𝑅
2𝑚
can be seen as the disturbance of the system. The control
method will be introduced in the following part.
4

3. Control structure
In this part, the whole control system will be introduced. It
includes three parts, the DC-DC converter controller, vector
controller and braking controller. The whole braking control
diagram is shown in the Fig. 3(a).
First, the braking intention is identified based on the brake
pedal displacement and speed of brake pedal. Then braking
strategy is chosen. In the case of emergency braking, sliding
mode based optimal slip ratio control is used to achieve the
best vehicle braking performance. In the case of normal
braking condition, MPC with constraints is used to achieve
driver’s braking intention. Then corresponding command
braking torque is sent to vector controller. The vector
controller is used to control three-phase inverter and make
PMSM achieve the command braking torque. The
bidirectional DC-DC controller is used to keep bus voltage
at a constant voltage and achieve the energy exchange
between battery and PMSM. The details will be shown in
following parts.
3.1 Braking strategy design
Because the braking objectives are different under different
braking conditions, different braking strategies are designed.
The proposed braking control strategy is shown in the Fig.
3(b).
As shown in Fig. 3(b), the braking situation is classified as
emergency braking and normal braking based on the speed
of brake pedal (𝑣𝑡 ) and the brake pedal displacement (𝑑𝑡 ).
According to reference [19], when the change rate of brake
pedal is bigger than 120rad/𝑠 2 or the brake pedal
displacement is bigger than 90% of the maximum brake

a

b
Fig. 3 control diagram and strategy (a) Whole control diagram, (b)
Braking control strategy.

pedal displacement, the braking action is regarded as
emergency braking. Otherwise, the braking action is
regarded as normal braking. The Battery's SoC has also
important impact on absorbing the regenerative energy. The
safe operating range of Battery's SoC is 30%~90%. If the
Battery's SoC exceeds 90%, the motor should not work at
regenerative braking mode. When the desired braking torque
makes motor work at regenerative braking mode at the
corresponding speed, the bidirectional DC-DC converter
will not work and the S3 will be closed (as shown in Fig.1).
Then the kinetic braking energy can be consumed by
external resistor. This strategy avoids overcharging.
In the case of emergency braking, the shortest braking
distance is the brake target. When the wheel slip ratio is at
optimal slip ratio, the vehicle can obtain the maximum
braking force and the shortest braking distance. So the target
is to make wheel slip ratio follow the optimal slip ratio.
Sliding mode control has faster and better tracking
performance than other tracking control algorithm. In order
to make wheel slip ratio fast and accurate track the optimal
slip ratio and obtain the shortest braking distance, sliding
mode control is adopted. In the case of normal braking, the
traditional braking strategy is to make vehicle deceleration
follow the brake pedal position. And the relationship
between brake pedal position and vehicle deceleration is
usually designed as linear. However, this brake control
strategy does not take motor characteristics and energy
recovery into account. Because driver does not know the
details of the motor characteristics, the driver cannot make
the optimal brake strategy for improving energy recovery
based on motor characteristics. The proposed MPC brake
control strategy is designed based on the motor
characteristics and driver’s braking intention. In the case of
normal braking, the driver usually has two intentions. One is
to make vehicle stop and another one is to reduce the vehicle
speed to a certain speed. The driver usually puts the brake
pedal on a certain displacement ( 𝑑𝑡 ). When the braking
intention is reached, brake pedal returns to its original
position (𝑑𝑡 = 0). And the maximum regenerative braking
torque can be obtained based on the motor angular velocity
( 𝜔ω ). It is used as a constraint for the MPC. Then the
braking torque is calculated through the constraints based
MPC. This braking torque is used to reduce vehicle speed.
In this braking strategy, the vehicle can avoid PMSM
working at plugging mode and recover as much as possible
energy. If the brake pedal position has no change, the
braking torque will follow the braking command from the
constraints based MPC. When the driver feels the vehicle
deceleration cannot satisfy his braking intention, the driver
will further step on the brake pedal. Then the braking torque
will follow the braking command from the brake pedal
displacement based deceleration brake strategy. If the brake
pedal displacement is larger than the 90% of the maximum
displacement, it means that the driver wants to make the
vehicle stop as soon as possible. Then the braking situation
switches to emergency braking. The braking control strategy
details will be introduced in the following parts.
The heat generated by plugging braking affects the
permanent magnets. However, the plugging braking is only
a small part of the whole braking process (as shown in Fig
2(b)). The proposed braking control strategy (constraints
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based MPC) is designed to avoid motor working at plugging
braking (as shown in section 3.1 in the paper). It is able to
effectively reduce the heat generated by plugging braking.
Then the heat generated by plugging braking can be ignored.
3.1.1 Extended disturbance observer
In order to eliminate uncertain disturbance and for the
further MPC design, the extended observer is used to
estimate the disturbance which is caused by tire-road
friction and other factor as shown in Eq (19). In the case of
normal braking, vehicle wheel is rolling and tires are not
slipping. The vehicle speed can be obtained through wheel
encoder. The equation can be rewritten as:
ẋ = bu + f
(20)
where x is the vehicle speed 𝑣. To estimate the disturbance f,
an extended observer is designed as:
𝛼
𝑥̂̇ = 𝑏𝑢 + 𝜎̂ + 1 (𝑥 − 𝑥̂)
(21a)
𝜀
𝛼2
𝜎̂̇ = (𝑥 − 𝑥̂)
(21b)
𝜀2

where 𝑥̂ is the estimated value of 𝑥. 𝜎̂ is the estimated value
of 𝑓.
3
1
= {100𝑡 0 ≤ 𝑡 ≤ 1
(22)
𝜀
100𝑡 > 1
2
𝛼1 , 𝛼2 are positive real numbers. And 𝑠 + 𝛼1 𝑠 + 𝛼2 satisfy
the condition of Hurwitz. The convergence proof procedure
of the designed extended observer ( lim𝑡→∞ 𝑥̂ =
𝑥, lim𝑡→∞ 𝜎̂ = 𝑓) is shown as follows:
First, we make
𝜼 = [η1 η2 ]𝑇
(23)
where
𝑥 − 𝑥̂
η1 =
η2 = 𝑓 − 𝜎̂
𝜀
then Eq (23) can be written as:
𝜀η̇ 1 = 𝑥̇ − 𝑥̂̇ = η2 − 𝛼1 η1
(24a)
𝜀η̇ 2 = 𝜀𝑓̇ − 𝛼2 η1
(24b)
They can be rewritten as state-space function:
̅ η + 𝜀𝑩
̅ 𝑓̇
𝜀𝜼̇ = 𝑨
(25)
where
̅ = [−𝛼1 1]𝑩
̅ = [0]
𝑨
−𝛼2 0
1
then
̅ | = [𝜆 + 𝛼1 −1] = 0
|𝜆𝐼 − 𝑨
(26)
𝛼2
𝜆
then
𝜆2 + 𝛼1 𝜆 + 𝛼2 = 0
(27)
̅ satisfy Hurwitz. Then
Through choosing 𝛼1 , 𝛼2 make 𝑨
there exists a symmetric positive definite matrix P satisfying
Lyapunov:
̅ 𝑻 𝑷 + 𝑷𝑨
̅+𝑸=0
𝑨
(28)
where 𝑸 is an arbitrary symmetric positive definite matrix.
We define Lyapunov function as:
𝑉0 = 𝜀𝜼𝑻 𝑷𝜼
(29)
then
̅ ‖‖𝜼‖|𝑓̇|
𝑉0̇ ≤ −𝜼𝑻 𝑸𝜼 + 2𝜀‖𝑷𝑩
(30)
2
̅ ‖‖𝜼‖|𝑓̇|
𝑉0̇ ≤ −𝜆𝑚𝑖𝑛 (𝑸)‖𝜼‖ + 2𝜀‖𝑷𝑩
(31)
where 𝜆𝑚𝑖𝑛 (𝑸) is the minimum eigenvalue of Q. In order to
make 𝑉0̇ ≤ 0, ‖𝜼‖ should satisfy:
‖𝜼‖ ≤

̅ ‖|𝑓̇ |
2𝜀‖𝑷𝑩
𝜆𝑚𝑖𝑛 (𝑄)

(32)

when Eq (32) is satisfied, lim𝑡→∞ 𝑥̂ = 𝑥, lim𝑡→∞ 𝜎̂ = 𝑓 and
the disturbance is estimated. After the disturbance is
estimated, the estimated disturbance is used as
compensation item added to the braking torque controller.
3.1.2 Normal braking control strategy
In this paper, the MPC is used to build the relationship
between driver’s brake intentions and braking torque. For
controller design, Eq (19) can be written as discrete function
as follows:
𝑣(𝑘 + 1) = 𝑣(𝑘) + 𝑎𝑓 (𝑘)𝑇𝑠
(33)
𝑎𝑓 (𝑘) = 𝑏𝑢(𝑘) + 𝑓(𝑘)
(34)
1

𝜎
̂

1

where𝑏 = − , 𝑢 = 𝑢𝑚𝑝𝑐 − , 𝑓 = −Cr g − 𝜌𝐴Cd 𝑣 2 ,𝑇𝑠
𝑚𝑅
𝑏
2𝑚
is the sampling time, 𝑢𝑚𝑝𝑐 is the predictive control and 𝜎̂ is
the estimated disturbance through extended disturbance
𝜎
̂
observer. When the estimated item
is added to the
𝑏
controller, the disturbance 𝑓 is approximately compensated,
then Eq (33) can be rewritten as:
𝑣(𝑘 + 1) = 𝑣(𝑘) + 𝑇𝑠 𝑏𝑢𝑚𝑝𝑐
(35)
By choosing state vector 𝑥𝑚 (𝑘) = 𝑣(𝑘) , input vector
𝑢𝑚𝑝𝑐 (𝑘), output vector ym (k) = v(k), then the state-space
model is given by:
𝑥𝑚 (𝑘 + 1) = 𝐴𝑚 𝑥𝑚 (𝑘) + 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘)
(36)
𝑦𝑚 (𝑘) = 𝐶𝑚 𝑥𝑚 (𝑘)
(37)
where 𝐴𝑚 = 1; 𝐵𝑚 = 𝑇𝑠 𝑏;𝐶𝑚 = 1.
Then the predictive state-space can be seen (38). Where 𝑁𝑝
is the prediction horizon; 𝑁𝑐 is the control horizon; Then the
output can be written as (39).
𝒀 = 𝑭𝑥𝑚 (𝑘) + 𝝓𝑼
(39)
where
𝒀 = [𝑦𝑚 (𝑘 + 1|𝑘)𝑇
𝑼 = [𝑢𝑚𝑝𝑐 (𝑘)𝑇

𝐶𝑚 𝐵𝑚
𝐶𝑚 𝐴𝑚 𝐵𝑚
𝝓 = 𝐶𝑚 𝐴2𝑚 𝐵𝑚
⋮
𝑁𝑝 −1
[𝐶𝑚 𝐴𝑚 𝐵𝑚

…

𝑇 𝑇

𝑦𝑚 (𝑘 + 𝑁𝑝 |𝑘) ]

𝑢𝑚𝑝𝑐 (𝑘 + 𝑁𝑐 − 1)𝑇 ]
𝐶𝑚 𝐴𝑚
𝐶𝑚 𝐴2𝑚
𝑭 = 𝐶𝑚 𝐴3𝑚
⋮
𝑁𝑝
𝐶
𝐴
[ 𝑚 𝑚]
…

0
𝐶𝑚 𝐵𝑚
𝐶𝑚 𝐴𝑚 𝐵𝑚
…
𝑁 −2
𝐶𝑚 𝐴𝑚𝑝 𝐵𝑚

𝑇

0 … 0
0 … 0
…
𝐶𝑚 𝐵𝑚
0
…
…
…
𝑁 −3
𝑁 −𝑁
𝐶𝑚 𝐴𝑚𝑝 𝐵𝑚 … 𝐶𝑚 𝐴𝑚𝑝 𝑐 𝐵𝑚 ]

The optimal control vector over the future horizon can be
obtained by minimizing the following cost function:
̅𝑼
J = (𝑹𝒗 − 𝒀)𝑇 (𝑹𝒗 − 𝒀) + 𝑼𝑹
(40)
where 𝑹𝒗 is the reference vehicle speed. If there is no clear
speed requirement, 𝑹𝒗 can be designed as 0. If there is clear
speed requirement, such as cruise or the vehicle drives at
speed limit section, it can be set up as the desired speed; 𝒀 is
̅ is the
the measured vehicle speed; 𝑼 is the braking torque; 𝑹
weight of braking torque in the cost function.
According to
𝜕𝑱
=0
(41)
𝜕𝑼
𝑼 can be calculated as:
̅ )−𝟏 𝝓𝑻 (𝑹𝒗 − 𝑭𝑥𝑚 (𝑘))
𝑼 = (𝝓𝑻 𝝓 + 𝑹
(42)
In our research, the receding horizon control is adopted and

𝑥𝑚 (𝑘 + 1|𝑘) = 𝐴𝑚 𝑥𝑚 (𝑘) + 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘)(38a)
𝑥𝑚 (𝑘 + 2|𝑘) = 𝐴𝑚 𝑥𝑚 (𝑘 + 1|𝑘) + 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘 + 1) = 𝐴2𝑚 𝑥𝑚 (𝑘) + 𝐴𝑚 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘) + 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘 + 1) (38b)
𝑥𝑚 (𝑘 + 3|𝑘) = 𝐴3𝑚 𝑥𝑚 (𝑘) + 𝐴2𝑚 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘) + 𝐴𝑚 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘 + 1) + 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘 + 2) (38c)
⋮
𝑁𝑝
𝑁 −1
𝑁 −𝑁
𝑥𝑚 (𝑘 + 𝑁𝑝 |𝑘) = 𝐴𝑚 𝑥𝑚 (𝑘) + 𝐴𝑚𝑝 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘) + 𝐴𝑚𝑝 𝑐 𝐵𝑚 𝑢𝑚𝑝𝑐 (𝑘 + 𝑁𝑐 − 1) (38n)
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only the first element of the calculated vector 𝑼 is used as
the control signal.
̅ to be related with the brake pedal
In this paper, we make 𝑹
displacement. The relationship between the weight of
̅ and the brake pedal displacement 𝑑𝑡 is
braking torque 𝑹
designed as:
𝑅̅ = 𝐶𝑓 cot(𝑑𝑡 𝑝𝑖/2)
(43)
where 𝐶𝑓 is a coefficient, which is designed based on the
value of 𝜙 𝑇 𝜙. 𝑑𝑡 is at 0%~100%, where0% means that
there is no brake action and 100% means that the brake
pedal displacement is the maximum displacement.
According to the characteristics of the cotangent function,
we can know that when the brake pedal displacement (𝑑𝑡 ) is
̅ will be small. It means that the main optimization
big, 𝑹
target is the vehicle speed. In this situation, the braking
torque is big and the vehicle deceleration is big. When the
̅ will be big. It means
brake pedal displacement is small, 𝑹
that the main optimization target is braking torque. In this
situation, the braking torque is small and the vehicle
̅ is a
deceleration is small. For example when 𝑑𝑡 = 0%, 𝑹
big value and 𝑼 is close to 0, vehicle speed keeps at a
certain speed in this situation. When 𝑑𝑡 = 100%, 𝑅̅ is 0 and
𝑼 = 𝑈𝑚𝑎𝑥 . In this situation, the vehicle speed will be
reduced as quick as possible. These relationships match with
the driver's natural driving habits.
In the design of MPC, 𝑈𝑚𝑎𝑥 is limited by many factors. In
this paper, we take solutions of N2 as constraint for 𝑼 .
Based on this design, it makes vehicle motor work at
regenerative braking mode at the whole braking process. In
order not to make the passengers feel uncomfortable, the
braking deceleration should be less than 5m/𝑠 2 at the
normal braking [19]. So the input of the system should
satisfy following condition:
𝑎𝑓 ≤ 5𝑚/𝑠 2
(44)
Then according to Eq (44), the𝑇𝑑𝑚𝑎𝑥 can be calculated:
5−𝜎
̂
𝑇𝑑𝑚𝑎𝑥 ≤
(45)
𝑏
And then the constraint for MPC design is summarized as:
𝑈𝑚𝑎𝑥 ≤ min(𝑇𝑟𝑚𝑎𝑥 , 𝑇𝑑𝑚𝑎𝑥 )
(46)
Based on the cost function (40) and constraint (46), 𝑼 can
be calculated from the MPC design. The calculated braking
torque is transferred to 𝑖𝑞 through (6). And through park’s
transformation equation (3), the desired phase current
𝑖𝑎∗ ,𝑖𝑏∗ ,𝑖𝑐∗ can be obtained. Then vector controller drive the
inverter and make PMSM produce the desired braking
torque.
Furthermore, when driver feels the deceleration cannot
satisfy her/his requirement, the driver will further step on
the brake pedal. In this situation, the brake pedal
displacement based deceleration braking strategy will be
considered. In this case, the relationship between the brake
pedal displacement and vehicle deceleration is designed as
linear. According to [17], the braking deceleration should be
less than 5m/𝑠 2 , the relationship between the brake pedal
displacement and vehicle deceleration is designed as:
𝑎𝑓 = 5𝑑𝑡
(47)
As shown in equation (47), the desired braking deceleration
is 5m/𝑠 2 when the 𝑑𝑡 is 100% . It is able to meet the
requirement of linear relationship and will not make the
passengers feel uncomfortable.

Then the braking torque can be calculated as:
̂
𝑎 −𝜎

𝑼= 𝑓
(48)
𝑏
Similarly, the braking torque is transferred to the drive
signal
of inverter through vector controller.
3.1.3 Emergency braking control strategy
In the emergency situation, driver will make the brake pedal
displacement more than 90% of the maximum brake pedal
displacement or the change rate of the brake pedal is faster
than 120rad/𝑠 2 [21]. When the vehicle takes emergency
braking, the tire-road friction coefficient is mainly related
with wheel slip ratio as described in Section 2.2. When the
wheel slip ratio is at the optimal slip ratio, the tire-road
friction coefficient is the maximum friction coefficient. In
this paper, we assume that the optimal slip ratio is known
and 0.2 is treated as the optimal slip ratio (𝜆𝑑 ) at the wet
cobble road. Then sliding mode control is used to make the
wheel slip ratio track the optimal slip ratio. The sliding
surface is selected as:
S=e
(49)
where e is the difference between the real slip ratio 𝜆 and
the optimal slip ratio𝜆𝑑 : e = 𝜆̃ = 𝜆 − 𝜆𝑑 . Based on (11)(16), the ė can be derived as follow:
𝑅𝜔
𝑚𝑅 2
𝑅𝑢
ė = 𝜆̃̇ = 𝜆̇ = ( 𝜔 +
) 𝑣̇ +
(50)
𝑣2

𝐽𝑣

𝐽𝑣

In this paper, we assume that the vehicle velocity 𝑣 and the
acceleration 𝑣̇ can be obtained through sensor measurement
or other estimated algorithm. Then the command braking
torque can be designed as:
𝑐𝐽𝑣
𝐽𝜔
𝑢 = − (𝜆 − 𝜆𝑑 ) − 𝜔 𝑣̇ − 𝑚𝑅𝑣̇
(51)
𝑅
𝑣
where 𝑐 is a positive constant; The Lyapnove function is
defined as:
1
V = 𝑆2
(52)
2
Then
V̇ = 𝑆𝑆̇ = −𝑐𝜆̃2 ≤ 0
(53)
Thus the system is stable and lim𝑡⟶∞ 𝜆̃ = 0 lim𝑡⟶∞ 𝜆 = 𝜆𝑑 .
The wheel slip ratio will approach the optimal slip ratio, and
the wheel can obtain the maximum braking force. The
vehicle can obtain the shortest brake distance.
3.2 Power system control
3.2.1. Bidirectional DC-DC control
Dynamic evolution control has been utilized in [24]. The
basic idea of dynamic evolution control is to reduce the
error state by forcing the error state to follow a specific path,
which ensures that the error state goes to zero as time goes
by. This specific path is named as dynamic evolution path.
With the selected evolution path being an exponential
function, the value of the dynamic characteristic of the
system will decrease exponentially to zero by
𝑌 = 𝑌𝑜 𝑒 −ℎ𝑡
(54)
where 𝑌 is the dynamic characteristic of the system.𝑌𝑜 is the
initial value of 𝑌. ℎis a design parameter specifying the rate
of evolution and is a positive number.
The dynamic evolution function of this controller can be
written as
𝑑𝑌
+ ℎ𝑌 = 0
(55)
𝑑𝑡
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A schematic diagram of the bidirectional DC-DCconverter
is shown in Fig. 1. Because the power converter switches
are operated in a complementary way, it is sufficient to find
out the control law in the boost mode of operation only.
Based on the state-space average model, the voltage and
current dynamics of the boost mode of operation are given
by
𝑑𝑖
𝑉𝑏 = 𝐿 + 𝑣𝑠 (1 − α)
(56)
𝑑𝑡

𝑑𝑣

𝑣

C 𝑠 = 𝑖𝐿 (1 − α) − 𝑠
(57)
𝑑𝑡
𝑅
where 𝐿 is the inductance, C is the capacitance, 𝑅 is the load
resistance, 𝑉𝑏 is the battery voltage, 𝑖𝐿 is the inductor current,
𝑣𝑠 is the bus voltage, and α is the duty cycle. Rearranging
(54), the output voltage of the converter can be written as
𝑑𝑖
𝑣𝑠 = 𝑉𝑏 + α𝑣𝑠 − 𝐿
(58)
𝑑𝑡
In power-electronic application, 𝑌 can be selected as a
function of error voltage or error current. By referring to the
previous work [6], the selected 𝑌 is a linear function of error
voltage
𝑌 = 𝑘𝑣𝑒𝑟𝑟
(59)
where𝑘 is a positive coefficient and 𝑣𝑒𝑟𝑟 is the error voltage
𝑣𝑒𝑟𝑟 = 𝑉𝑟𝑒𝑓 − 𝑣𝑠 . Substituting (59) into (55) yields
𝑘

𝑑𝑣𝑒𝑟𝑟
𝑑𝑡
𝑑𝑣

+ (h𝑘 − 1)𝑣𝑒𝑟𝑟 + 𝑉𝑟𝑒𝑓 = 𝑣𝑠

(60)
𝑑𝑖

𝑘 𝑒𝑟𝑟 + (h𝑘 − 1)𝑣𝑒𝑟𝑟 + 𝑉𝑟𝑒𝑓 = 𝑉𝑏 + α𝑣𝑠 − 𝐿
𝑑𝑡
𝑑𝑡
Solving for α, the obtained duty cycle α is given by
α=

𝑘

𝑑𝑣𝑒𝑟𝑟
𝑑𝑖
+(ℎ𝑘−1)𝑣𝑒𝑟𝑟 +𝐿 +𝑉𝑟𝑒𝑓 −𝑉𝑏
𝑑𝑡
𝑑𝑡

𝑣𝑠

(61)

(62)

then α is calculated. then the duty cycle signal is sent to
drive the 𝑆1 and 𝑆2 .
3.2.2 Inverter vector control
In the vector control scheme, the desired brake torque is
transferred to q − axis current through equation (6).
Through park’ transformation, the d, q − axis currents
transfer to a, b, c − axis currents. Then the actual measured
current is forced to track the reference current within a
hysteresis band. The switching frequency and peak-to-peak
current ripple are governed by the width of the hysteresis
band. Since the vector control has the advantages of simple
to implement, fast transient response, direct limitation of
device current, and practical insensitivity to machine
parameters, it is widely adopted by the PMSM motor drive
for EV [13]. Then the vector control is adopted to make
PMSM produce the desired brake torque in this paper. The
control scheme is shown in the Fig. 3.
4. Numerical Simulations
In order to verify the effectiveness of the proposed brake
strategy, the proposed brake strategy is tested by the
simulations. The system parameters are listed in Table 1 and
the parameters of the tire-road model are listed in Table 2.
In this paper, we take a quarter-vehicle as a research model.
Quarter-vehicle mass is 365 kg. The maximum braking
torque of motor is the solution of N1. Through the gear, the
maximum braking torque of motor is expanded by 10 times
at the corresponding speed.
Table 2 Parameters of the tire-road model for
various surfaces.
Surface condition
C1
C2
C3
Cobble wet
0.4004
33.708
0.1204

Table 1 System parameters
Symbol Property
Permanent
magnet
𝜓𝑓
flux linkage
Number of pole pairs
𝑃𝑛
Armature resistance
R𝑠
Vehicle mass
m
Wheel radius
𝑅
Rated capacity
A
Initial state-of-charge
SoC
Quarter-vehicle
𝐽
moment of inertia
Gear ratio
Gr
Proportional gain
𝐾𝑝
Integral gain
𝐾𝑖
Front area
A
Air density
ρ
Rolling
resistance
𝐶𝑟
coefficient
Aerodynamic
drag
𝐶𝑑
coefficient
Battery voltage
𝑉𝑏
DC bus voltage
𝑣𝑠
Solenoid dead time
𝜏ℎ1
Hydraulic circuitry
𝜏ℎ2
time delay
Battery capacity
C
Current vector limit
𝐼𝑚𝑎𝑥
Duty cycle vector
𝑈𝑚𝑎𝑥
limit
d⁄𝑞 axis inductance
𝐿𝑑/𝑞
Motor power
𝑃𝑚

Value
0.192

Units
Wb

4
0.4
1460
0.3
8.1
75.75
36

Ω
kg
m
Ah
%
𝑘𝑔 ∗ 𝑚2

10:1
5
1
2.2
1.29
0.016

-

0.28

-

144
500
0.02
0.06

V
V
s
s

8.1
300
0.5

Ah
A
-

0.58
15

mh
Kw

𝑚2
𝑘𝑔/𝑚3

-

In the first case, the proposed MPC method is tested. In this
test, different brake pedal displacements are tested. The
brake pedal displacements are40%, 60% and 80% of the
maximum brake pedal displacement. The initial speed of
vehicle is 30m/s . This test is used to prove that the
proposed MPC method is able to build the relationship
between driver’s brake intention and braking torque. The
simulation results are shown in Fig.4. From Fig.4, it can be
seen that the vehicle deceleration can be adjusted through
adjusting the weight of MPC’s cost function (42). From Fig.
4, we can see that when the brake pedal displacement is
large, the deceleration is fast. When the brake pedal
displacement is small, the deceleration is slow. It meets the
usual driving habits. This simulation result proves that
proposed MPC method is able to properly build the
relationship between driver’s intention and braking torque.

Fig. 4.Constant pedal displacements relationship with the
vehicle speed.
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In order to further prove the proposed MPC method is able
to reflect the driver’s brake intention, another simulation is
tested. In this test, the brake pedal displacement is a constant
number (80% of the maximum brake pedal displacement) in
the first 5s, then the brake pedal displacement starts to
reduce. After 8s, the brake pedal displacement is 0. The
whole brake process is shown in Fig. 5(a). The red dotted
line is used to simulate the driver’s brake behavior. It means
driver wants to make vehicle speed to slow down in the first
5s. When the vehicle speed is close to the desired speed, the
driver starts to make brake pedal back to 0 displacement.
Then the vehicle keeps running at the desired speed. The
simulation result is shown in Fig. 5(a). Blue solid line is the
vehicle speed. From the simulation results, we can see that
vehicle can follow driver’s brake intentions under the
proposed MPC method. The vehicle speed decelerates at the
first 5s. After 5s, the vehicle deceleration becomes smaller
with the brake pedal displacement reduced. When the brake
pedal displacement is 0, the vehicle is able to keep running
at a constant speed which is the desired speed. These
simulation results show that the MPC is able to express
driver’s braking intentions and conforms to the driver's
driving habits.
In the second case, the energy recovery is compared
between different braking conditions at the normal braking
situation. The initial speed of vehicle is 20m/s. In this test,
three situations are tested. Situation 1: the proposed MPC
braking strategy is used. In this situation, brake pedal
displacement is 50% of the maximum displacement at first
13s. Then driver takes further action and makes brake pedal
displacement to 60% of the maximum displacement.
According to the proposed MPC braking strategy, the
vehicle deceleration should be 3m/s 2 . Situation 2: the
proposed MPC braking strategy is used. In this situation,
brake pedal displacement is 50% of the maximum
displacement, and the driver does not take any further action.
The vehicle brake follows the proposed MPC braking
strategy in the whole brake process. Situation 3: the
conventional braking strategy is used. Normally, the vehicle
brake deceleration is not greater than 2m/s 2 in the case of
normal braking. In this test, the vehicle brake deceleration is
designed as 1m/s 2.
The simulations results are shown in Fig. 5(b) and Fig. 5(c).
Fig. 5(b) shows the energy recovery under different braking
strategies and Fig.5(c) shows the brake distance under
different brake strategies. Table 3 lists the summary of
simulation results.
From Fig. 5(b), it can be seen that Situation 1 is same to
Situation 2 at the first 13s. However, the energy recovery is
different after 13s. The energy recovery is reduced after 13s
in Situation 1. It is because the driver takes further brake
action after 13s in Situation 1. It makes the vehicle
deceleration with 3m/s 2 and makes motor work at the
plugging braking. In Situation 2, the proposed MPC makes
motor work at the regenerative mode in the whole brake
process. So the energy recovery is always increasing.
In order to make motor works at the regenerative mode, the
proposed MPC method make vehicle deceleration small. So
the brake distance is the longest in Situation 2. Brake
distance under Situation 1 is almost same to the brake

a

b

c
Fig. 5 vehicle normal braking test when initial speed of vehicle is
20m/s.(a) Change pedal displacements relationship with the vehicle
speed, (b) Energy recovery under different braking strategies in the
case of the normal, braking, (c) Braking distance under different
braking strategies in the case of the normal braking.

Table 3 Summary of test results in the case of normal
braking condition.
Energy
recovery
(J)
Brake
distance
(m)

Situation 1
4.78 ∗ 105

Situation 2
8.396 ∗ 105

Situation 3
2.361 ∗ 105

200.2

290.6

199.9

distance under Situation 3. It is because the vehicle
deceleration is 3m/s 2 after 13s in Situation 1. It is greater
than the vehicle deceleration in Situation 3. It makes up the
speed difference caused by the small deceleration at the first
13s.
The Situation 1 has almost the same braking distance with
the Situation 3 (braking distance of Situation 1 is 200.2m
and braking distance of Situation 3 is 199.9m as shown in
Table 3). However, the Situation 1 recovers more energy
than Situation 3 (as shown in Table 3). It proves that the
proposed braking control strategy is able to recover more
energy than normal braking control strategy with the same
braking conditions (same initial braking speed, same
terminal braking speed and same braking distance).The
target of this proposed braking control strategy is to improve
braking energy. It can be seen from Table 3 that Situation 2
recovers more energy than Situation 1 and Situation 3. The
proposed braking control strategy is to recover more braking
energy. As a price, the braking distance of Situation 2 is
9

longer than the braking distance of Situation 1 and the
braking distance of Situation 3.
In the case of emergency braking, the braking goal is also to
make wheel slip ratio track the optimal slip ratio. It takes the
sliding mode based optimal slip ratio control. For
comparison,
a traditional blended braking system is used. It combines the
regenerative brake (RBS) system and hydraulic brake (HBS)
system. The RBS is same to the mentioned RBS in this
paper. It is also composed of PMSM, bidirectional DC-DC,
inverter and battery. The hydraulic braking is modelled with
a first-order delay system with dead time [22]:
𝑇ℎ𝑏𝑠
∗
𝑇ℎ𝑏𝑠

=

𝑒 𝜏ℎ1

track the optimal slip rate. This is because the maximum
braking torque of blended braking system can provide is
bigger than the maximum braking torque of pure electric
braking can provide. This can be seen from Fig. 6 (c) and
Fig. 6 (d). So the braking distance of blended braking
system is shorter than the braking distance of pure electric

(63)

1+𝜏ℎ2 𝑠

where 𝜏ℎ1 is the dead time of the solenoid; 𝜏ℎ2 is the
∗
hydraulic circuitry time delay;𝑇ℎ𝑏𝑠
is the command braking
torque; 𝑇ℎ𝑏𝑠 is the output braking torque of HBS. The
braking torque of RBS is designed as the difference between
∗
𝑇ℎ𝑏𝑠
and 𝑇ℎ𝑏𝑠 . In the real applications, the torque produced
by HBS is hard to be measured. Many algorithms have been
proposed to estimate the braking torque produced by
mechanical brake [27] [28]. In this paper, the blended
braking system is designed for comparison, thus it is
assumed that the braking torque produced by HBS 𝑇ℎ𝑏𝑠 can
be obtained. The command braking torque is also obtained
by sliding mode control (Eq (51)).

a

b

Table 4 Summary of test results about braking distance
in the case of emergency braking.
Brake
Blended brake
Electric brake
distance(m)
system
system
Initial
speed20m/s
Initial
speed25m/s
Initial speed
33.33m/s

54.74

54.92
c

85.59

86.24

152.8

154.5

Table 5 Summary of test results about energy recovery
in the case of emergency braking.
energy
Blended brake
Electric brake
recovery (J)
system
system
Initial
speed20m/s
Initial
speed25m/s
Initial speed
33.33m/s

1.141 ∗ 104

1.124 ∗ 105

1.523 ∗ 104

2.5 ∗ 105

1.948 ∗ 104

3.236 ∗ 105

In the first test, the initial vehicle velocity is 20m/s and the
optimal slip ratio is 0.2. Pure electric braking system and
blended braking system are tested to make vehicle stop in
the case of emergency braking. The simulation results are
shown in Fig. 6(a), Fig. 6(b), Fig. 6 (c) and Fig. 6 (d). And
simulation results are listed in Table 4 and Table 5.
From Fig. 6(a), it can be seen that both the pure electric
braking and blended braking systems are able to make wheel
slip ratio follow the optimal slip ratio. However, the blend
braking system is faster than the pure electric braking to

d
Fig. 6 vehicle emergency braking when the initial braking speed of
vehicle is 20m/s. (a) Slip ratio, (b) Recovery energy, (c) Braking
torque of pure electric braking, (d) Braking torque of blended
braking system.

braking. This can be seen from Table 4. However, the
energy recovery of pure electric braking is far greater than
the energy recovery of blended braking system. This can be
seen from Fig. 6(b) and Table 5.
The braking torque is different with variation in vehicle
speed in the initial stage of braking. This is because the
motor speed is high in the initial stage of braking. It makes
the motor work at constant power area. With the decreasing
of vehicle speed, the maximum braking torque that motor
can provide increases when the motor works at the constant
power zone. So the braking torque is different with variation
in vehicle speed in the initial stage of braking.
In the second test, the initial vehicle velocity is 25m/s and
the optimal slip ratio is 0.2. In the third test, the initial
vehicle velocity is 33.33m/s and the optimal slip ratio is
also 0.2. Pure electric braking system and blended braking
10

system are tested to make vehicle stop in the case of
emergency braking. The simulation results are shown in the
Fig. 7 and Fig. 8. Simulation results are listed in Table 4
and Table 5.

that the difference between pure electric braking and
blended braking system decreases with the initial braking
speed of vehicle decreasing.

a

Fig. 8(a). Slip ratios whenathe initial braking speed of
vehicle is 33.33𝑚/𝑠.

b

b
Fig. 8(b). Recovery energy when the initial braking
speed of vehicle is 33.33𝑚/𝑠.

c
c
Fig. 8 (c). Braking torque of pure electric braking
when the initial braking speed of vehicle is 33.33𝑚/𝑠.

d
d
Fig. 7 vehicle emergency braking when the initial braking speed of
vehicle is 25m/s. (a) Slip ratio, (b) Recovery energy, (c) Braking
torque of pure electric braking, (d) Braking torque of blended
braking system.

From Fig. 7(a) and Fig. 8 (a), it can be seen that both the
pure electric braking and blend braking systems are able to
make wheel slip ratio follow the optimal slip ratio.
Compared to Fig. 6(a), the optimal slip ratio tracking
performance of Fig. 7(a) is slower. Compared to Fig. 7(a),
the optimal slip ratio tracking performance of Fig. 8(a) is
slower. Because the maximum braking torque of pure
electric braking can provide becomes smaller when the
initial speed of vehicle is faster (it can be seen from the Fig.
2(b)), it makes the optimal slip ratio tracking speed slow.
The energy recovery of pure electric braking is far greater
than the energy recovery of blended braking system. This
can be seen from Fig. 6 (b), Fig. 7 (b), Fig. 8 (b) and Table 5.
From Table 4 and Table 5, it can be seen that the pure
electric braking is able to recycle far more energy than the
blended braking system. As a price, the braking
performance of pure electric braking is less than the braking
performance of blended braking system. It also can be seen

Fig. 8 vehicle emergency braking when the initial braking speed of
vehicle is33.33m/s. (a) Slip ratio, (b) Recovery energy, (c) Braking
torque of pure electric braking, (d) Braking torque of blended
Fig. 8(d).
braking
system.Braking torque of blended braking system

when the initial braking speed of vehicle is 33.33𝑚/𝑠.

5. Conclusion
In this paper, the braking characteristics of motor is
analyzed. The maximum regenerative braking torque of
PMSM is used as constraint for MPC design and the
relationship between driver’s braking intentions and braking
torque is built. The proposed MPC braking strategy is tested
in the cases of emergency braking and normal braking. The
simulation results show that the proposed MPC braking
strategy is able to follow the driver's braking intention and is
able to recycle more energy than the conventional braking
strategy at normal braking condition. In the case of
emergency braking, the proposed pure electric braking is
able to recycle more energy than the blended braking system.
It is able to have similar braking performance between the
proposed pure electric braking and blended braking system
when the initial speed of vehicle is at low to middle range.
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